Sporadic breast cancer patients as well as mutation carriers of the BRCA genes have a reduced DNA repair capacity compared to controls when assessed by the G 0 micronucleus test (G 0 MNT) or by induced chromosomal aberrations. Since the individual MN frequencies vary widely and overlap between cases and controls it remained unclear which percentage of the cases should be considered to exhibit an increased radiosensitivity. We performed a similar case-control study and found a highly significant difference (P < 0.0001) between all breast cancer cases (N ¼ 91) and female controls (N ¼ 96) using descriptive statistics and ANOVA with adjustment for age. This difference also holds for baseline MN frequencies (P ¼ 0.0006) and for subgroups of the patients similar to those without treatment (P < 0.0001). These results were confirmed in a second sample acquired at a different hospital. Since we are dealing in this analysis with two predefined groups (patients and controls), we calculated odds ratios (ORs) in order to assess the discriminative power of the G 0 MNT. These amounted to OR ¼ 4.9 (P < 0.0001) for MN frequencies obtained by visual counting and ranged from OR ¼ 11 (P < 0.0011) to OR ¼ 22 (P < 0.0001) using automated counting. In order to overcome the problem of choosing a cut-off point inherent in ORs, receiver operating characteristic curves were calculated, which visualize specificity and sensitivity over the entire range of values and which characterize the discriminative power of a test by the area under the curve (AUC) (visual counting, baseline: AUC ¼ 0.67; induced AUC ¼ 0.75; automated counting: AUC > 0.88; evaluation sample: AUC > 0.73). We conclude that the G 0 MNT may be a useful tool to substitute the phenotype breast cancer in association and linkage studies and that it may be possible to develop a test useful in the diagnosis or risk assessment for breast cancer.
Introduction
In recent years evidence from different sources has accumulated for an association of familial and sporadic breast cancer with DNA repair, suggesting that a reduced repair capacity might be genetically determined and might confer susceptibility to breast cancer (1-3).
About two-thirds of breast cancer cases in high-risk families can be attributed to mutations in the BRCA 1 or 2 genes (4). These genes are required in the repair of DNA double-strand breaks and loss of function results in genome instability owing to multiple chromosome breaks. Surprisingly, heterozygous mutation carriers exhibit an increased radiosensitivity in their normal (non-tumor) somatic cells (5, 6) , an observation which may indicate that the breast cancer risk of mutation carriers can be explained directly by the reduced repair capacity without additional somatic mutation in the normal allele. Mutations in a third gene, ATM, determine the autosomal recessively inherited ataxia teleangiectasia, a chromosome breakage syndrome with high tumor susceptiblity (7) . This gene has a key function in DNA repair and heterozygous mutation carriers, blood relatives of patients, have also a clearly increased risk for breast cancer (8) .
Case-control studies in breast cancer patients revealed repeatedly, although not consistently, associations with DNA polymorphisms in genes relevant for different types of DNA repair, such as XRCC1, XRCC3, ATM and NBS1 (9-13). These observations conform to the assumption that breast cancer risk in sporadic cases may be due to low penetrance genes, which belong to the DNA repair pathways. Functional variants of these genes may give rise to a continuous variation of repair capacity and in consequence to variation of breast cancer risk. Furthermore a combined and additive effect of variants in different genes was seen in one study (3, 14) , an observation which agrees well with complex inheritance of the risk and continuous variation of repair capacity. Such continuous variation has directly been detected by measuring cell cycle delay after ionizing radiation and proved to be associated with allelic variants of XRCC1 and APE1 (10) on the one hand and breast cancer on the other hand.
There are numerous case-control studies on breast cancer in which the micronucleus test (MNT) has been used to compare repair capacity between cases and controls (15) (16) (17) . In almost all of them, a proportion of 20-50% of the patients could be identified, which showed an increased MN frequency exceeding the 90th percentile of the distribution in the controls. This definition of an increased MN frequency is, however, not optimal for a variable with continuous variation and complex inheritance, because the two groups (cases and controls) have a different, although broadly overlapping distribution. Complex inheritance is generally assumed for DNA repair capacity as indicated by the numerous association studies carried out on cancer cases and genes involved in DNA repair. The data available for MN frequencies appear to be compatible with the assumption of continuous variation when cases are interpreted as a separate group with an overall slightly reduced repair capacity.
We have carried out a case-control study on breast cancer patients using the G 0 MNT and baseline MN frequencies to assess DNA repair capacity and analysed the data with ANOVA and receiver operating characteristic (ROC) curves. The results indicate that the MN frequencies are predictive for breast cancer and a high specificity and sensitivity can be achieved.
Materials and methods

Study population
The entire study population (see Table I for further details) comprised 117 females without any cancer, and 111 breast cancer patients, including 6 known BRCA 1 mutation carriers. They were recruited in two phases. First, 96 controls, 85 cases and 6 carriers of BRCA 1 mutations, in whom the analysis was carried out by visual counting (Sample A). Aside from the mutation carriers, the patients did not fall into the criteria for hereditary breast (or ovarian) cancer and are referred to here as sporadic. We did not include patients who were actually under treatment. Hence, they were studied either in the time between diagnosis and start of the therapy or when therapy had been finished for at least 3 months, a time which ranged up to more than 5 years in a few patients. In the second round, patients and controls were all recruited in another hospital and analysis was performed by automated counting (evaluation Sample B). The female controls represented a mixture of hospital patients (for other reasons than cancer), healthy non-blood relatives of the patients and occasional controls, e.g. from self-support groups. The attempt to select the controls as age-matched pairs proved futile and, therefore, age was included in the analysis as a covariate. In our primary patient sample (Sample A), 85 sporadic breast cancer patients and 6 BRCA mutation carriers were investigated by visual counting. Later, an automated system based on image analysis became available and a subset of Sample A was re-analysed by automatic counting. The evaluation sample (Sample B) comprised 20 sporadic breast cancer patients and 21 female controls, and was collected from another hospital in order to evaluate whether the disease status could be predicted by means of individual MN frequencies of the blood donors. After coding of the probands, lymphocyte cultures were set up and micronuclei counted in at least 500 binucleated cells (BNCs) in a blinded fashion.
The first breast cancer sample (A) was split into different subgroups, namely BRCA 1 mutation carriers and patients with/without radiation/chemotherapy treatment. Age is well known to influence baseline MN frequencies (18) but data concerning an age effect on induced MN frequencies are almost lacking. The influence of these potential confounding factors was determined. We did not consider habits such as smoking because these may influence baseline values only marginally (19) and are not expected to affect induced MN frequencies.
The study has been approved by the Institutional Review Board of the University of Ulm and informed consent had been obtained from all participants before they were included in the MNT study.
Before starting the culture, heparinized blood samples were stored at room temperature. Cell culture, irradiation and preparation of slides were performed essentially as described by Rothfuss et al. (5) . An aliquot of 0.3 ml blood was diluted in the ratio 1:9 with chromosome medium 1 A (Gibco BRL), supplemented with 2% PHA-M (Gibco BRL). The cultures, which were set up in order to determine the induced MN frequency, were exposed to gamma rays, total dose 2 Gy (source: 137 CS, Gammacell 2000; Molsgaard Medical, Denmark). Thereafter, the cultures were incubated at 37 C for 44 h (after PHA stimulation), cytochalasin B (Sigma) was then added to a final concentration of 6 mg/ml. After an additional 24 h, cultures were harvested by centrifugation, treated with 0.56% KCl solution and fixed with methanol/acetic acid (5:1) mixed with an equal amount of 0.9% NaCl. Fixation with undiluted methanol/ acetic acid (5:1) was then performed three times. The slides were coded and the entire analysis was carried out blindly. Air-dried slides were stained with 7% Giemsa in phosphate buffer (pH 7.0). MNs were counted in light microscope in 500-1000 BNCs according to the criteria suggested by an international consortium (20) . The frequency of BNCs containing two MNs was also recorded.
For automated analysis, the slides were stained with DAPI (Sigma, Germany) 1 mg/ml in 4· SSC for 15 min, rinsed in distilled water, air dried and embedded with Vectashield (Vector Laboratories, Burlingame, CA). The slides were analysed in a fluorescence microscope (Zeiss, Axioplan2, Germany) using appropriate filter setting. BNCs were detected by image analysis and the number of MNs determined. A detailed description of the system and its validation for MN analysis has been published previously (21) .
Statistical analysis
In the present study, we focused on the inter-individual variation of MN frequencies in sporadic breast cancer patients and controls. For many of the patients and controls, multiple single measurements were available which were combined into a single value (the mean of the proband) after normalization for storage time. Factors influencing the intra-individual variation of the single measurements were analysed in a previous paper (22) and there we demonstrated that the MN frequencies can be analysed assuming a normal distribution (instead of a Poisson or negative binomial). Therefore, in addition to descriptive statistics, t-tests were used to investigate the impact of status on MN frequencies and usual ANOVA with the proband's age as a covariate analysis of covariance (ANCOVA). Statistical analyses were carried out using Statistical Analysis System (SAS Institute Inc., Cary, NC).
Descriptive statistics and basic tests
In most blood donors we had more than one measurement (up to 8) and used the mean values per individual (blood donor) because we were looking for the MN frequency as an individual characteristic of the respective blood donor.
The time between drawing the blood sample and starting the blood culture influenced the radiation-induced MN rate systematically (22) , and was taken out by normalization before combining the single measurements. Frequencies of spontaneous MN proved not to be influenced by blood sample storage time. Differences of means of MN frequencies between the subgroups were tested for significance with Student's t-test. Odds ratios (ORs) and their confidence intervals (CIs) were calculated. In order to determine ORs, the 75th percentile of controls was used to recode the MN frequencies into a binary variable for logistic regression. Such a cut-off value is arbitrary and was chosen in order to accommodate the broad overlap between breast cancer cases and controls in visual counting seen in descriptive statistics. For an assessment independent from a cut-off see ROC curves. For the analysis of data obtained by image analysis, only single measurements were available and were used without any correction or normalization.
ANCOVA
Both induced (corrected for storage time) and baseline MN frequencies were analysed using an ANOVA model, including the proband's disease status as the factor of interest, the proband's age as a covariate and the interaction between status and age. One aim of this analysis was to obtain mean values and a test for the difference in MN frequencies between cases and controls with adjustment for age which was not equally distributed among cases and controls. The adjusted mean values are given with 95% CI. In addition, we estimated the regression lines that predict MN frequencies from age separately for cases and controls, in order to calculate age-adjusted individual MN frequencies for each proband. The above analysis was carried out using the SAS procedure GLM.
ROC analysis
Using age-adjusted individual MN frequencies, a ROC analysis was performed to assess the potential of MN frequencies to discriminate between cases and controls. A ROC curve describes this ability by giving the sensitivity and 1 -specificity for the entire range of measurements. It is derived from a series of standard 2 · 2 tables by calculating sensitivity and specificity according to the standard definition for a cut-off, which is moved along the whole range of measurements. This procedure eliminates the problem of choosing a cut-off The totals and the subtotals of the numbers do not always agree because of missing grouping information for some patients.
point. The area under the curve (AUC) is a measure for the appropriateness of a test and the more the ROC curve approaches the left upper corner of the graph, the more useful is the test for discrimination. ROC curve analysis is rather robust concerning data distribution but may, of course, be affected by confounding factors. These may operate on the level of single measurements, such as experimental conditions or scorer, and have been reported for the present dataset (22) . Or else, they may be related to the individual proband, such as therapy, which we analyse here. The ROC analysis was carried out using the SAS procedure LOGISTIC.
Results
MN frequencies of patients and controls of Sample A are presented in Table II and Figure 1A . Comparing mean MN frequencies revealed a highly significant difference (P < 10 À4 ) between controls and sporadic breast cancer patients (Table II) . The frequency of cells with two MN are expected to be correlated with the MN frequency and it is not surprising that we saw similar differences (Table II) .
Baseline MN frequency Lymphocyte cultures without irradiation revealed differences between cases and controls similar to those from irradiated cultures. The breast cancer cases demonstrated a significantly higher spontaneous MN frequency compared to controls (P < 10 À4 ; Table II ), but this difference is confounded by the unequal age distribution of the controls. However, after correction for age using ANCOVA the difference (age corrected mean values: 47.8/31.3) is still significant (P ¼ 0.007). In contrast to the induced MN frequencies, there was a difference between patients with and without therapy regarding the frequency of spontaneous MN (P ¼ 0.01, Table II ). Breast cancer patients treated by irradiation showed higher MN frequencies than those without treatment. frequencies could be used to allocate individuals to these groups. In the literature, this type of information is usually presented as the percentage of cases with an MN frequency above the 90th percentile of the controls. Such a cut-off is arbitrary when the probands belong to two predefined groups and from experience we had chosen here a cut-off at the 75th percentile of the controls because of the broad overlap of the MN frequencies between cases and controls. These ORs are presented in Table III . Including all breast cancer patients, the OR obtained for MN frequencies by visual counting was 4.9 and was highly significant (P < 10 À4 ). As reported previously (22) , the results from visual counting were impaired probably by an unnoticed change in scoring criteria towards the end of the study. This may be the reason that the other ORs are much higher. In order to exclude any effects superimposed by patient treatment, we compared treated and untreated patients with controls. Both subgroups yielded almost identical ORs.
Separation of cases and controls
Since unselected breast cancer cases and controls had different mean MN frequencies, we asked whether vice versa the MN
MN counts by image analysis
When automated counting by image analysis became available, fixed cells from irradiated cultures of 32 patients and 21 controls were available and re-analysed from Sample A (Table I ). This reinvestigation yielded considerably lower overall MN frequencies in automated counting. In consequence, the cut-off referring to the 75th percentile was set to 120 MN/1000 BNC [for details see (21)]. With the automated analysis the OR (¼ 22.9, P < 10 À4 ; Table III ) increased considerably compared with visual counting (OR ¼ 4.0, P ¼ 0.0089) of slides from the same patients.
Evaluation sample
In order to further evaluate the discriminative power between cases and controls we set up a new sample (B). The cut-off point for this analysis was taken from the previously analysed sample (A) ( Figure 1B) . The corresponding ORs amounted to 13.2 (P ¼ 0.001; Table III ).
ANCOVA
The results from ANCOVA are presented in Tables II, IV and V for induced and baseline MN frequencies. The baseline MN frequencies depended on age at least in the controls, and the over-representation of young controls could confound the impact of the disease status on MN frequencies. However, there exists obviously an age-independent effect for status. After adjustment for age, the results (Table II) were very similar to those with descriptive statistics. The only significant effect on the induced MN frequency was found for the disease status (Table IV) . Cases with chemotherapy and mutation carriers were exluded. Age did not have an effect on the induced MN frequencies of the controls and on the spontaneous MN frequencies of cases (Table V) . Therefore, the age distribution of the controls did not matter for the induced MN frequencies.
ROC analysis on age-corrected measurements obtained by visual counting (Sample A) yielded the curves in Figure 2A (baseline MN frequencies) and Figure 2B (induced MN  frequencies) . The AUC is 0.68 for the baseline frequencies and 0.75 for the induced frequencies. An AUC has a range from 0.5 (pure chance) to 1.0 (prediction without any errors). ROC curves for automated measurements in the subsample of A and for Sample B are presented in Figure 2 (C and D) . The respective AUCs amount to 0.88 (Sample A) and 0.73 (Sample B).
Discussion
Based on a case-control study, we have demonstrated a significant difference between sporadic breast cancer patients and controls in the G 0 MNT. The difference of mean MN frequencies could be observed both with and without irradiation of the lymphocyte cultures. All measurements (induced MN frequency and baseline MN frequencies) in two independent subsets of breast cancer patients (Samples A and B), plus subgroups of these yielded consistent results. Our results are an extension of similar recent studies (15, 16) , in that they apply to the entire group of sporadic breast cancer cases, which had not been selected according to any special criteria such as age or family history. In the earlier studies, radiosensitivity was defined by the cut-off (mean ± 2 SD) derived from the controls. These studies all identified a proportion of the patients with an increased radiosensitivity. This approach is typical for biomonitoring where exposed individuals have to be identified among the controls, and hence within one sample. Here we have, however, two predefined groups, cases and controls, and in consequence we asked how these differ using standard statistics and ANOVA. Once the difference in MN frequencies between the groups of breast cancer patients and controls had been established, we asked if the MN frequencies could be used to allocate blood donors to either of these groups. A typical way to answer this question is to calculate ORs by logistic regression after choosing a cut-off point, which in principle is arbitrary. We decided to use the 75th percentile of the controls as the cut-off. The resulting ORs were in the range of 5-10. Automated counting of some patients and controls, that had previously been counted visually, increased the OR to 22.9. The same absolute cut-off was used to study a new sample (B) in order to verify this capability independently. After decoding, an OR of 13.2 was calculated resulting in 85% of patients and 70% of the female controls being correctly classified.
Another way to circumvent the problem to pre-specify a threshold is to construct ROC curves and characterize the test by the AUC. This is a widely used procedure to assess the predictive power of quantitative clinical tests. From an inspection of the curves (Figure 2 ) it is immediately clear why the threshold of 90th percentile from controls (corresponding to specificity ¼ 0.9) yields highly variable results as reported in the literature (16) . The slope of the curve at these values is very steep and, hence, minor changes (differences) in mean values or standard error of MN frequencies produce a large effect on the detection rate. Although the G 0 MNT in our study produced a good differentiation between cases and controls one has to be aware of the fact that (i) we do not have prospective data (the test was not carried out on healthy probands and evaluated by determining those who later develop the disease, (ii) the patients were affected by breast cancer and have been diagnosed by other means, and (iii) we do not know about other conditions (including other cancers) which might also be associated with increased MN frequencies. In consequence, the G 0 MNT may have the potential to contribute useful information about the presence of breast cancer or the risk to develop breast cancer but, even if so, a lot of additional studies are required including prospective ones.
Effects of confounding factors?
Compared with several earlier studies (15, 16, 23) , we were able to take a number of potentially confounding factors into consideration. In addition, we have demonstrated that the difference between patients and controls, as reported here, is modified, but neither caused nor eliminated by genotoxic treatment of the patients, one of the strongest known occupational factors.
Since treatment of breast cancer usually includes genotoxic therapies (irradiation and/or chemotherapy), it was mandatory to determine their influence on induced and baseline MN frequencies. This issue could be assessed by investigating breast cancer patients with/without treatment separately, an approach, which has rarely been used by other studies. Compared with all treated patients, regardless of the type of treatment, the untreated patients had slightly lower mean frequencies of induced MN (P ¼ 0.4). In contrast, the baseline frequencies of untreated patients were significantly lower (P ¼ 0.01). Nevertheless, mean MN frequencies from untreated patients are clearly different between patients and controls.
Genotoxic treatment has repeatedly been shown to increase baseline MN frequencies (24) (25) (26) . Its effects are stronger than most other occupational factors, such as smoking, whose effect is usually hard to detect (19, 27) . Furthermore, occupational factors may be expected to influence primarily baseline, but not induced, MN frequencies, as has been demonstrated for smoking (19) . Age and gender are other variables known to influence baseline MN frequencies (18) . Gender has been excluded here by restricting the analysis to females and age was included in the ANOVA model. It has a major effect only on the baseline MN frequencies of the controls.
Sporadic breast cancer: a repair defect ?
There is no direct evidence for the mechanism by which the increased induced MN frequency and the increased baseline frequencies in peripheral lymphocytes of the patients could arise. Two possibilities may be considered:
(i) The lymphocytes grown from patients might represent a different, more sensitive subpopulation of lymphocytes compared with those from controls. Such a shift in cell population would then be expected to be correlated with the cancer. This idea might arise from the discrepancy between MN frequencies from lymphocyte cultures and lymphoblastoid cell lines which do not show an increased MN frequency when derived from BRCA 1 mutation carriers. However, this hypothetical shift in cell population would also be seen in $30% of controls and it would persist in patients after removal of the cancer (diseasefree interval of 6 months to 5 years, data not shown). The speculation that another type or population of lymphocytes might be stimulated in cancer patients and not in controls is therefore unlikely. (ii) The second possibility would be that the same lymphocytes are studied and that these lymphocytes have different properties with respect to DNA damage and repair. This difference can be detected by the G 0 MNT.
With respect to this second possibility, Baeyens et al. (16) and the present study have given evidence that radiosensitivity does not differ between sporadic breast cancer patients and BRCA 1 or 2 mutation carriers who have a known repair defect (5, 6) . In the present study, six BRCA 1 mutation carriers were included who exhibited induced MN frequencies within the range of sporadic breast cancer cases (Table II) . The baseline frequencies are elevated in the sporadic cases, not in the mutation carriers, as seen in our study and reported previously (16) . This difference in spontaneous MN frequencies between sporadic cases and mutation carriers may indicate that the mechanisms leading to increased MN frequencies are similar but not identical in these two groups. Hence, it is tempting to speculate that the increased frequency of MNs observed in lymphocytes from sporadic breast cancer patients might also be due to a DNA repair defect, resulting in a cellular phenotype of increased radiosensitivity.
Evidence for potentially predisposing genes, resulting in a phenotype of reduced DNA repair capacity, has been found in several studies demonstrating deficient DNA repair in healthy relatives of breast cancer patients as measured by various end points (1, 23, 28) . Attempts to identify a mode of inheritance were compatible with a complex two-gene model, but remained inconclusive (1) . These observation agree with epidemiological data (29) , which are compatible with a contribution of genetic factors involved in the etiology of breast cancer beyond BRCA 1 and 2. Modelling of these factors favoured a complex or polygenic (29) inheritance slightly more than an autosomal recessive one. It remains to be seen if family studies with the G 0 MNT as a quantitative trait will be able to reveal a better defined inheritance pattern. Another quantitative parameter related to DNA repair, retardation of S-phase, has recently been shown to be associated with variants of DNA repair genes (10) .
Following the idea that sporadic breast cancer may be due to an impaired capacity of DNA repair, several association studies have been carried out between variants of candidate genes from the respective DNA repair pathways and breast cancer. Their effects on the occurrence of breast cancer ranged from small (30) to none (31, 32) . This result is not surprising when one considers that not all women with reduced repair capacity develop breast cancer, as is suggested by the incomplete penetrance of mutations in the BCRA 1 or 2 genes. Therefore, it would be interesting to see whether association studies using MN frequencies as a phenotype instead of the presence or absence of breast cancer yield more conclusive results. For example, stratification of breast cancer cases by MN frequencies in an association study with variants of DNA repair genes could reveal a correlation which otherwise remains undetected and help to identify the relevant genes. Overall, our data suggest that the G 0 MNT may be able to indicate a risk for breast (and may be some other) cancer and may help to identify the relevant genes.
